Abstract Hierarchically organized γ-Al 2 O 3 hollow microspheres were prepared via a hydrothermal method using potassium aluminum sulfate and urea as reactants. The corresponding Au/Al 2 O 3 catalysts were obtained using a deposition-precipitation (DP) method. The effect of the pretreatment under different atmospheres (N 2 , air, and H 2 ) on the activity and stability of the Au/Al 2 O 3 catalysts in CO oxidation was investigated. The results showed that the pretreatment under H 2 atmosphere improved the low-temperature CO oxidation activity. Furthermore, a 50 h long-term test at 30°C showed no significant deactivation for the H 2 -pretreated catalyst. Moreover, the catalytic activity was promoted by H 2 O vapor in all cases, and the H 2 -pretreated catalyst exhibited a good tolerance in the co-presence of CO 2 and H 2 O. Finally, oxygen temperature-programmed desorption (O 2 -TPD) and in situ diffuse reflectance infrared Fourier transform spectra (DRIFTS) revealed that the reductive atmosphere pretreatment greatly improved the CO adsorption capacity and facilitated the oxygen activation.
Introduction
Supported gold nanoparticles (Au NPs) have been intensively studied in catalysis [1] , particularly for the low-temperature CO oxidation [2] [3] [4] [5] [6] , water-gas shift (WGS) reaction [7] , VOC removal [8] , and selective oxidation of organic compounds [9] . It is generally considered that the catalytic activity of Au NPs is strongly dependent on the size (<5 nm) and morphology [10] [11] [12] . The Au NPs supported on reducible oxides such as Fe 2 O 3 [13] , TiO 2 [14] , and CeO 2 [15] may have smaller sizes and present higher catalytic performance compared to non-reducible oxide materials (SiO 2 [16] , Al 2 O 3 [17] ). Generally, the strong interaction between Au NPs and the reducible oxide supports helps to stabilize small Au NPs and also increases the catalytic activity [18] . However, we reported that the alumina nanosheets with rough surface can efficiently stabilize the Au NPs and thus contribute a high activity for CO oxidation [19] .
Besides the nature of supports [20, 21] , it is believed that the pretreatment process of the Au catalyst can strengthen the interaction between Au and the supports, and so improve the CO oxidation activity [22, 23] . Wang et al. [24] prepared a series of Au/α-Mn 2 O 3 catalysts by a deposition-precipitation method and found that the best activity was obtained when the catalyst was pretreated with O 2 because a specific formed oxygen-enriched interface gave enhanced metal-support synergy. On the contrary, the Au/α-Mn 2 O 3 catalysts pretreated with He and H 2 had inferior catalytic activities on account of severe deactivation and over-reduction of the surface of support, respectively. In the work of Xu et al. [25] , a highly active "NiO-on-Au" nanocatalyst was synthesized using a two-step method. They suggested that the catalyst pretreated with H 2 had a better catalytic performance since the formed NiO-Au boundaries can provide dual sites for O 2 activation and CO adsorption. Our recent work also confirmed that the pretreatment atmospheres significantly influence the catalytic activity of the Au/CeO 2 catalyst for CO oxidation [26] . The characterization results showed that pretreatment can significantly change the surface interaction between Au species and CeO 2 support.
However, concerning the influence of the pretreatment atmospheres on the catalytic activity, current studies mainly revolve around the reducible-oxide-supported Au catalysts. There were few studies in terms of the non-reducible-oxidesupported Au NPs. In the present work, we take the homemade highly active Au/Al 2 O 3 catalyst as an example and study the effect of the pretreatment atmospheres on the activity towards CO oxidation. In addition, the stability of the pretreated Au/Al 2 O 3 catalyst under CO 2 and H 2 O steam was also conducted. The oxygen temperature-programmed desorption (O 2 -TPD) and in situ diffuse reflectance infrared Fourier transform spectra (DRIFTS) characterization were performed to investigate the surface characteristics of the pretreated Au/Al 2 O 3 catalyst with the aim of correlating with the catalytic behavior.
Experimental

Catalyst preparation
Alumina hollow microspheres were prepared using a hydrothermal method [27] . In detail, 5 mmol of KAl(SO 4 ) 2 ·12H 2 O was dissolved in 50 mL of deionized water, and then 10 mmol of CO(NH 2 ) 2 dissolved in 50 mL of deionized water was added into the KAl(SO 4 ) 2 ·12H 2 O solution under vigorous stirring at room temperature for 0.5 h. The mixture was transferred into a Teflon-lined stainless steel autoclave and heated at 180°C for 3 h. After thorough washing and centrifugation, the solid was dried at 80°C and calcined at 600°C in a muffle oven for 2 h.
Gold was deposited onto the surface of γ-Al 2 O 3 hollow microspheres by a deposition-precipitation (DP) method using (NH 4 ) 2 CO 3 as precipitant and HAuCl 4 solution (7.888 g/L) as the gold precursor, similar to the procedure used in our previous work [28] . In a typical preparation, HAuCl 4 was added dropwise to an aqueous suspension of Al 2 O 3 , and the pH of the suspension was adjusted to 8-9 by addition of 0. 
Catalytic test
The activity of the Au/Al 2 O 3 catalyst for CO oxidation was evaluated with a fixed-bed flow quartz reactor (8 mm i.d.). A typical flow rate was 1 vol% CO and 20 vol% O 2 in N 2 (79 vol%), giving a total flow rate of 67 mL/min. The catalyst sample was 100 mg, and the corresponding space velocity was 40,000 mL/h g cat . The composition of the effluent gas was analyzed using an online GC-7890 gas chromatograph equipped with a thermal conductivity detector (TCD) and a 5A molecular sieve column (T=80°C, H 2 as the carrier gas).
Results and discussion
Alumina hollow microspheres
In Fig. 1a -c, the SEM and TEM images of the obtained sample display hollow microsphere structures with a diameter of 4-6 μm and a shell thickness of 600-700 nm. The spheres consist of closely packed nanoflakes. The main diffraction peaks of alumina are present at 2θ=31.9°(220), 37.3°(311), 45.7°(400), and 66.9°(440) (Fig. 1d ), which can be assigned to the γ-alumina crystalline phase (JCPDS card 10-0425). The BET specific surface area and the pore volume of Al 2 O 3 were calculated as 209 m 2 /g and 0.66 cm 3 /g, respectively. These results are similar to our recent work [27] . The actual Au content is 0.53 wt% by ICP measurement.
Catalytic activities and stabilities Figure 2 gives the CO oxidation performance over the Au/ Al 2 O 3 catalysts pretreated under different atmospheres. The initial CO conversion of Au/Al 2 O 3 -H 2 is 62 % at 30°C, which is significantly higher than those of Au/Al 2 O 3 -air and Au/ Al 2 O 3 -N 2 catalysts under the same reaction conditions. Moreover, a complete conversion can be obtained for the Au/Al 2 O 3 -H 2 at a low temperature of 60°C. In contrast, the Au/Al 2 O 3 -air catalyst showed a slightly increased initial activity, but a lower activity at high temperature compared to the Au/Al 2 O 3 -N 2 catalyst. In addition, based on the best results from Fig. 2 , the reactive rate at 30°C for the Au/ Al 2 O 3 -H 2 catalyst was calculated as 2.109 mol/h g Au , which is comparable and even higher than the results in the literature [19, [28] [29] [30] (Table 1) .
The stabilities of the Au/Al 2 O 3 catalysts pretreated under different atmospheres in CO oxidation were measured at 30°C. As shown in Fig. 3a , the conversion of CO over the Au/Al 2 O 3 -H 2 catalyst increased from 62 % in the initial time to 75 % in 10 h and then maintained an excellent stability over 50 h on stream. The Au/Al 2 O 3 -air and Au/Al 2 O 3 -N 2 catalysts also exhibit stable catalytic performances, but the CO conversions were only 27 and 7 %, respectively. It is evident that the CO oxidation activities and stabilities over the Au/Al 2 O 3 catalysts are sensitive to the pretreatment atmospheres. The possible explanation is supplied in the following by means of in situ DRIFTS characterization.
Furthermore, the effects of the H 2 O vapor and CO 2 with varied concentration on the stability of the Au/Al 2 O 3 -H 2 catalyst were also tested. As expected, it can be observed in Fig. 3b that the CO conversion increased when the concentration of H 2 O vapor was raised. The CO conversion of the Au/ Al 2 O 3 -H 2 catalyst under 500 ppm of H 2 O vapor at 30°C is ∼70 % and increased to ∼87 % under 5000 ppm. As a result, complete CO conversion is achieved at lower temperatures Fig. 1 a, b SEM images (Fig. 2c) , the catalyst suffers from a rapid decrease in the activities of CO oxidation; for example, CO conversion is approximately 40 % with the addition of 15 and 20 % CO 2 . A possible explanation is that the increase in CO 2 concentration leads to the formation of carbonate-like species and/or the competitive adsorption of CO 2 on the active sites which inhibit the oxygen mobility. Figure 2d gives the corresponding CO conversion curves in the co-presence of H 2 O and CO 2 at 30°C. It is seen that the Au/Al 2 O 3 -air and Au/ Al 2 O 3 -H 2 catalysts gave transient 100 % CO conversion after which the catalytic activities gradually decreased and reached a stable activity of 90 %. In contrast, low catalytic activities occurred with the Au/Al 2 O 3 -N 2 catalyst under the same (Fig. 4a, b) . One can see that the gold particle sizes of the used Au/Al 2 O 3 -H 2 catalyst (3.9±0.4 nm) are similar to those of the fresh sample (3.0±0.4 nm). The outstanding stability could be relating to the novel surface structure of our Al 2 O 3 support, which contributes to a solid stabilization of Au NPs [19, 28] .
CO adsorption on the Au/Al 2 O 3 catalyst
To study the initial surface property of various Au/Al 2 O 3 catalysts, we chose CO as a probe molecule and employed in situ DRIFTS to study the adsorption on the catalyst surface at 30°C. As shown in Fig. 5 , when the Au/Al 2 O 3 catalysts were exposed to CO for 20 min at 30°C, several bands at 1440, 1560, 1641, 2056, 2114, and 2171 cm −1 were observed.
Concomitant with the CO adsorption, the peaks in the 1400-1800 cm −1 region are related to the vibration of carbonate-like species as suggested by other studies [35, 36] . The absorption band at 2056 cm −1 in our study was also observed by Liu et al.
[37] at 2048 cm
, which is assigned to negatively charge gold carbonyls [38] . At the same time, one weak absorption band at 2114 cm weakly interacting with Au particles. For the Au/Al 2 O 3 -H 2 sample, the area of oxygen desorption was found to be higher than those of Au/Al 2 O 3 -air and Au/Al 2 O 3 -N 2 catalysts, suggesting that the Au/Al 2 O 3 -H 2 catalyst had more active oxygen species. It is known that the oxygen desorption behavior depends on the amount and strength of chemisorbed oxygen species which are easily desorbed at low temperature [40, 41] . A shift of the oxygen desorption peak to the lower temperature indicates an effective way to achieve lower reaction energy for CO oxidation and higher catalytic activity. The above results are in agreement with the catalytic activities (Fig. 2) .
In situ DRIFTS analysis of the Au/Al 2 O 3 catalyst
In order to explain the difference between catalytic behaviors of various Au/Al 2 O 3 catalysts, in situ DRIFTS analysis was tested under CO oxidation conditions at 30°C. As shown in Fig. 7 (Fig. 2) .
To investigate the accumulation of adsorbed surface species during the reaction, we recorded the in situ DRIFTS experiments at high temperature. As shown in Fig. 8 , the CO-derived species formed at 60 and 90°C on the surface of the Au/Al 2 O 3 catalysts are similar to those formed at 30°C. Furthermore, the coverage of the Au Figure 8a shows that the Au/Al 2 O 3 -H 2 catalyst reached equilibrium of CO adsorption/desorption after 10 min. However, the Au/Al 2 O 3 -air and Au/Al 2 O 3 -N 2 catalysts reached equilibrium for CO adsorption/desorption after 15 min (Fig. 8b, c) . These results suggest that the CO adsorption rate is higher on the surface of the Au/Al 2 O 3 -H 2 catalyst and thus contributes an excellent catalytic activity.
Additionally, Fig. 8 shows that the intensity of the adsorption band assigned to Au ) decreased when the CO oxidation temperature was raised from 30 to 90°C. Meanwhile, the intensity of the CO 2 peak increased. This result indicates that all Au/Al 2 O 3 catalysts are reactive in the CO oxidation at 60 and 90°C. In our work, the Au/Al 2 O 3 -H 2 catalyst is more active as shown by the stronger intensity of the CO 2 absorption band at 2340 cm −1 (Fig. 8) . On the other hand, the peak intensity of carbonate-like species over the Au/Al 2 O 3 -H 2 and Au/Al 2 O 3 -air catalysts was lower at 60 and 90°C, indicating that the adsorption on the catalyst was reversible at this temperature (Fig. 8a, b) . In contrast, the inferior activity and rapid deactivation of the Au/Al 2 O 3 -N 2 catalyst can be well understood by the continuous accumulation of carbonate-like species with CO and O 2 co-adsorption tested at 90°C (Fig. 8c) . This is in good agreement with the catalytic activities. The presence of water vapor can enhance the catalytic activities due to the promotion of the decomposition of carbonate-like species (Fig. 3b) , which is consistent with the literature conclusions [6] . These results in both O 2 -TPD and in situ DRIFTS measurements well explain why the catalyst pretreated under H 2 atmosphere displays a higher activity and stability in CO oxidation (Fig. 3a, d ).
Conclusions
The 
